In this paper the properties of BME-Y5V dielectric powders prepared by solid state technology is described. A new formulation is presented, suitable in multilayer capacitors for layers down to 4 mm. The material shows good reliability due to the presence of magic dopants in this formulation. The effect of magic dopants in dielectric formulations is discussed.
INTRODUCTION
In the field of Y5V multilayer capacitors the production share of parts with base metal electrodes (BME) has been increased tremendously [1] since their first introduction ca. 10 years ago [2] . There are projections that in 5 years the market for Y5V MLCs using noble metal electrodes will be negligible [1] .
Ferro Electronic Materials has more than 7 years experience in industrial production of mixed oxide based BME-Y5V powders and was the first company to offer ready to use formulations to the MLC makers.
In this paper we are going to describe the properties of dielectric powders for BME-Y5V MLCs for different dielectric layer thickness applications. Especially in order to allow the production of thinner dielectric layers to obtain higher volume capacities a new dielectric material will be presented that is in the final stages of development and will soon be released for evaluation at customers.
EXPERIMENTAL 1 Mixed Oxide Preparation
Based on advanced high purity raw materials and a sophisticated production process that is designed to avoid contamination of the dielectric material, powders are produced by a mixed oxide (solid state) technology. Unlike oxalate or hydrothermal routes, which allow only the incorporation of isovalent ions like Ca or Zr in the barium titanate lattice, the mixed oxide process offers the advantage to incorporate all dopants required in a single production step. The homogeneous dopant distribution obtained offers the MLC maker the advantage that he gets an one component system, which is ready to use in the MLC production process. No second phase containing the dopants has to be added, and a segregation of the dopants during slurry and slip preparation can not occur. Figure 1 shows a process flowchart of the mixed oxide material production. Precise raw material characterisation and advanced process control during the powder production in environmentally friendly water based suspensions are used to prepare homogeneous mixtures of the raw materials. The mixtures are dried, avoiding any de-mixing of the ingredients, and finally calcined to form the perovskite doped BCTZ based dielectric powder.
Especially a homogeneous distribution of all ingredients in the raw material mixture is essential to achieve the required quality in the final product, because the formation of barium titanate matrix is based on a solid state diffusion of Ba-ions into TiO 2 [3] . Ca, Zr and the other dopants have to be well distributed as well. Investigations of the XRD patterns for different calcination temperatures allow an optimisation of the process settings for the respective powder. Figure 2 shows the evaluation of the cubic BCTZ XRD reflection with increasing calcination temperatures, while the signal for BaZrO 3 (BZ) which is formed as an intermediate is vanishing.
After calcination the powder is milled again in order to decrease the particle size of the powder down to a value where it is fit to use. FIGURE 1 Mixed oxide material production.
Firing and MLC processing
The firing atmosphere used for the material development and final inspection is 1% H 2 in N 2 moistened at 25 C. This results in an oxygen partial pressure of ca. 1 Â 10 À 10 bar at 1300 C. The re-oxidation of the fired parts is done at 1000 C for 2 h in moistened (25 C) pure N 2 (resulting partial pressure in the presence of Ni electrodes of 5 Â 10 À 11 bar). These conditions are easily to obtain and are, due to the thermodynamic control, very reproducible. Depending on product design, layer thickness and electrode paste selection, optimum firing conditions may differ from these settings.
RESULTS

Powders for Different Applications
Depending on the layer thickness and voltage rating of the MLC, different materials have been successfully developed and have proven their processability in industrial MLCs processing in many different constructions.
AD133N is a material which may be used down to dielectric layers of 8 mm. The dense fired structure of AD133N is shown in Figure 3a . The etched (Fig. 3b) indicates the grain size of 7 mm for this material. In Table I the typical powder properties of AD133N are presented.
For even thinner layers down to 6 mm AD143N was developed. This material has a finer more homogeneous grain structure with an average grain size of 6 mm, and has been successfully applied e.g. for the production of 10 mF 1206 MLCs. Typical powder properties are given in Table I too. Figure 4a shows the very dense fired structure of 7 mm MLCs; in Figure 4b the respective etched grain structure with ca. 6 mm grain sizes.
The temperature dependence of the relative capacity of the disc capacitors prepared from the as produced powder is shown in Figure 5 in comparison with the TCC behaviour of a 7 mm MLC. While the disc capacitors are definitely out of the specification limits, the FIGURE 2 XRD of differently calcined doped BCTZ samples, T1 < T 2 < T3 < T4.
TCC behaviour of the final product fulfils them well. The dielectric constant in the disc capacitors is in the range of 10,000; due to the increased field strength and the ''electrode effects'', up to 24,000 can be obtained in 7 mm layers.
New Developments
In recent papers the amphotheric character of the some rare earth (RE) dopants (Ho, Dy, and Er as well as Y) has been described in details [5, 6] . Amphotheric is in this case used with the meaning, that these ions may occupy Ba (A) and Ti (B)-sites in the barium titanate lattice. This is caused by the ionic radius of the 3þ ions, which are in the range of 0.9 nm. These ions are also known as magic dopants. The site occupation for these ions is preferential on the A-site, but if an excess of Ba is present, also the B-site will be occupied. As these are stable 3þ -ions, they act as donors on A-sites and acceptors on B-site. The big material quality improvement (life stability in HALT test) that is associated with these ions is believed to be due to a compensation of oxygen vacancies caused by the Mn 2þ acceptors on B-site by Y 3þ donors on A-site. This is associated with a generation of Ba-vacancies [4] . An other model explains the improved reliability by the very homogenous lattice formation in the presence of these ions [5, 6] . This means, that smallest local concentration fluctuations, which can never be avoided in any ceramic, will be instantly compensated by the magic dopant that will either occupy the A-or the B-site depending on the actual local stoichiometry. The material will therefore always remain single phased, as long as the excess of A-or B-site is not larger than the rare earth concentration. Ferro Electronic Materials is actually in the final stages of the development of a new BME-Y5V material, which is containing one of the magic dopants. As illustrated in the following figure, the Curie temperature of the material is decreasing with increasing A excess. This is caused by a shift of RE-ions from A-site to B-site by the increased Ba excess. The bigger rare earth ion is ''pressed'' into the smaller B-site and stabilises the cubic phase, resulting in the observed decrease of the Curie temperature. This has been shown e.g. by Lee et al. [7] for different amounts of Dy. The reported reduction of the Curie temperature is À 41 C per mol% Dy on B-site. This is comparable to the observed variation of the Curie temperature of our material actually in development where the reduction of the Curie is presented in Figure 6 as a function of the Ba=Ti ratio. The trend line of Lee et al. is added for comparison. This line was obtained for pure BCTZ doped only with Dy, while our data are based on a full composition BME-Y5V material containing another (no Dy) rare earth and other dopants. These results were obtained in an earlier stage of the development where no fine-tuning of the Curie temperature for optimum performance in MLCs has been done. Differences to the data of Lee et al. are also due to the fact, that they adjusted the composition in such a way, that all the rare earth occupied the B-site, while a fraction of the RE also occupies A-site in our material. This causes a less pronounced reduction of the Curie temperature and results in the curved dependence as observed.
The effect of the B-to A-site shift of the magic dopants can also be followed in the next graph, where the decrease of the insulation resistance of ceramic disc capacitors (ca. thickness ¼ 1.6 mm, area ¼ 55 mm 2 ) at 140 C is illustrated as a function of the FIGURE 6 Decrease of the Curie temperature with increasing RE-B-site occupation.
FIGURE 7 Insulation resistance at 140 C of ceramic disc capacitors.
Ba=Ti ratio. The decrease of the insulation resistance at lower Ba excess can be explained by an increase of RE A-site occupation. Here the RE acts as donor and the conductivity is increased because the balance of donors and acceptors in the material is shifted more to the donor rich side. On the other hand, the graph illustrates that a stable high insulation resistance can be obtained over a wide composition range. Table II gives the powder properties of the material under development. As this material is targeting for layers from 6 mm to 3 mm, the mean particle size is reduced to 0.55 mm compared to the 0.92 mm for AD143N. Figure 8 shows the TCC curve of the newly developed material in ceramic multilayer capacitors for different layer thickness. The TCC of the thinner layer is flatter due to the increased electrical field. The electrical data are summarised in Table III. The finer particle size of RDAD163N is designed to give an improved particle packing already in which results in the very dense microstructure in MLCs as indicated in Figure 9 .
All MLC prepared with different compositions from RDAD163N showed very good sintered density. A comparison with Figures 3 and 4 indicates the improved density of the ceramics compared to AD133N and AD143N. The grain size in the dielectric layer is ca. 4 mm. Firing studies indicate that similar properties can be obtained over a wide temperature range. This is also due to the presence of the amphoteric rare earth, in combination with the other dopants. Figure 10 illustrates the fired microstructure of 3.9 mm dielectric layer MLC's, where again about 4 mm grains are present and thus forming mono grained layers. From Table III it can be seen that also these mono grained layers exhibit an outstanding reliability.
The electrical properties are listed in Table III . These data, especially the extremely high break down voltage up to 120 V=mm, indicates the potential present in this material for thin layer application.
CONCLUSIONS
The applicability of the mixed oxide process for ceramic powder processing for BME-Y5V dielectric materials has been shown. Powders without rare earth dopants are successfully used in industrial MLC fabrication for layer thickness down to 6 mm. For thinner layers a new material has been developed with promising properties. The material has been tested for layer thickness down to 4 mm. Improved reliability, especially for thin layers, is achieved. This is attributed to the use of one of the magic dopants.
